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Available online 4 February 2009AbstractIce algae are the major primary producers in seasonally ice-covered oceans during the cold season. Diurnal change in solar
radiation is inevitable for ice algae, even beneath seasonal sea ice in lower-latitude regions. In this work, we focused on the
photosynthetic response of ice algae under diurnally changing irradiance in Saroma-ko Lagoon, Japan. Photosynthetic properties
were assessed by pulse-amplitude modulation (PAM) fluorometry. The species composition remained almost the same throughout
the investigation. The maximum electron transport rate (rETRmax), which indicates the capacity of photosynthetic electron
transport, increased from sunrise until around noon and decreased toward sunset, with no sign of the afternoon depression
commonly observed in other photosynthetic organisms. The level of non-photochemical quenching, which indicates photo-
protection activity by dissipating excess light energy via thermal processes, changed with diurnal variations in irradiance. The
pigment composition appeared constant, except for xanthophyll cycle pigments, which changed irrespective of irradiance. These
results indicate that ice algae tune their photosynthetic system harmonically to achieve efficient photosynthesis under diurnally
changing irradiance, while avoiding damage to photosystems. This regulation system may be essential for productive photosyn-
thesis in ice algae.
 2009 Elsevier B.V. and NIPR. All rights reserved.
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Ice algal communities, dominated by diatom species
(Garrison et al., 1986), are widely distributed
throughout seasonally ice-covered polar seas in the
Northern and Southern Hemispheres (Horner, 1976,
1985) and are important primary producers in high-
latitude oceans (Nelson et al., 1995), and hence in the
global oceans. Seasonal sea ice, which also develops in
lower-latitude areas such as Saroma-ko Lagoon, Hok-
kaido, Japan, enables the development of ice algae
underneath the sea ice (Hoshiai and Fukuchi, 1981).
Saroma-ko (ca. 150 km2) is a seasonally ice-covered
lagoon located on the northeast coast (ca. 44N,
144E) of Hokkaido. The lagoon is covered by sea ice
(20e40 cm thickness) during winter, with covering of
snow on the ice (Hoshiai and Fukuchi, 1981; Kishino,
1993). Under-ice irradiance is severely reduced
because of reflection and absorption by the snow cover
and the sea ice itself (Kishino, 1993).
To grow beneath sea ice, ice algae possess the
ability to efficiently utilize the low intensities of light
received in this environment (Arrigo et al., 1993;
Burkholder and Mandelli, 1965; Suzuki et al., 1995,
1997). In the ocean, the light environment fluctuates
widely (Kirk, 1994); similarly, beneath sea ice the light
environment fluctuates according to diurnal changes in
the incident angle of the sun, weather conditions, and
snow cover (Kishino, 1993). For example, it has been
reported that during the period between 25 February
and 9 March 1992, irradiance beneath sea ice in Sar-
oma-ko Lagoon varied periodically between 0 and
35 mmol photons m2 s1 (Kudoh et al., 1997). During
this period, the rate of carbon fixation in ice algae
increased in proportion to irradiance, as the rate of
carbon fixation in ice algae is limited by irradiance
(Kudoh, 1993, 1995).
Several studies have investigated Saroma-ko
Lagoon and areas in Antarctica with the aim of
assessing diurnal change in the electron transport rate
in ice algae (Kudoh et al., 2003; McMinn et al., 2003).
A previous study conducted in Saroma-ko Lagoon
revealed that on 5 and 6 February 1998, the effective
quantum yield of photosystem II, as measured under
constant irradiance (165 mmol photons m2 s1),
decreased continuously during the daytime, reached
a minimum around sunset, and appeared to recover
during the night, although this recovery was based on
just a single measurement (Kudoh et al., 2003). A
previous study conducted in Antarctica reported that
the maximum relative electron transport rate (rETRmax)
varied with diurnal change in irradiance; however, thediurnal cycle in rETRmax varied between observations
because of changing weather conditions (McMinn
et al., 2003).
In the natural environment, irradiance changes are
not only gradual: they can be sudden in response to
factors such as changes in the weather. Excess incident
irradiance is harmful to photosynthetic organisms
because it destroys photosystems (Aro et al., 1993;
Demmig-Adams, 1990). To prevent such damage,
photosynthetic organisms have developed a protection
mechanism that dissipates excess light energy as heat
(the thermal dissipation mechanism). This energy-
dissipating process is detected as a decrease
(quenching) of chlorophyll fluorescence, known as
non-photochemical quenching (NPQ) (Demmig-
Adams, 1990; Krause and Weis, 1991; Olaizola and
Yamamoto, 1994). This mechanism is regulated
according to irradiance, meaning that efficient photo-
synthesis continues under existing light conditions.
It is known that diatoms possess a xanthophyll cycle
(i.e., the diadinoxanthin cycle) as a thermal dissipation
mechanism (Kashino and Kudoh, 2003; Olaizola and
Yamamoto, 1994; Olaizola et al., 1994). The dia-
dinoxanthin cycle consists of two types of xantho-
phylls that are converted to each other: diadinoxanthin
and diatoxanthin (Olaizola et al., 1994). In studies of
cultured mesophilic diatoms, the total amount of
diadinoxanthin plus diatoxanthin increased with
increasing growth irradiance (Arsalane et al., 1994;
Ban et al., 2006; Kashino and Kudoh, 2003). Ice algae
also possess the diadinoxanthin cycle (Kudoh et al.,
2003). Furthermore, in ice algae the total amount
of diadinoxanthin plus diatoxanthin increases with
increasing irradiance (Ikeya et al., 2000; Kudoh et al.,
2003).
The change in thermal dissipation activity that
accompanies variations in diurnal irradiance has been
investigated in situ in many photosynthetic organisms,
including higher plants, macroalgae, and dinoflagel-
lates (Huang et al., 2006; Ralph et al., 2002; Warner
and Berry-Lowe, 2006), as well as reef corals (Gor-
bunov et al., 2001; Lesser and Gorbunov, 2001; Levy
et al., 2004; Winters et al., 2003). The xanthophyll
cycle in dinoflagellates is a diadinoxanthin cycle,
similar to that in diatoms. The xanthophyll cycle in
higher plants and green algae is a violaxanthin cycle
that consists of violaxanthin, antheraxanthin, and
zeaxanthin (Demmig-Adams, 1990).
A common factor of the above studies is that the
level of NPQ increased from sunrise until around noon,
when it showed a maximum, decreasing thereafter
toward sunset. This trend shows an inverse correlation
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contrast to the large number of studies of mesophilic
photosynthetic organisms, few reports have considered
diurnal change in NPQ in ice algae. Kudoh et al.
(2003) studied NPQ under constant irradiance
(165 mmol photons m2 s1) in ice algae at Saroma-ko
Lagoon. The level of NPQ failed to show any strong
correlation with diurnal change in the effective
quantum yield of photosystem II or the total amount of
diadinoxanthin plus diatoxanthin; thus, an additional
study is warranted.
In the present study, we focused on the photosyn-
thetic response of ice algae to changes in irradiance,
and examined diurnal changes in photosynthesis in ice
algae at Saroma-ko Lagoon. The lagoon is connected
to the Sea of Okhotsk by two narrow channels. Water
exchange between the lagoon and the sea is controlled
by tidal forces. During the winter season, most of the
lagoon is covered by sea ice, up to 45 cm in thickness
(McMinn and Hattori, 2007). The photosynthetic
properties of the ice algae were assessed using pulse-
amplitude modulation (PAM) fluorometry by deter-
mining (i) rETRmax, which indicates the ability of
photosynthesis; (ii) the light saturation index (Ek),
which indicates the photoacclimation status of micro-
algae; (iii) the maximum quantum yield of photo-
system II defined as the ratio of variable and maximum
fluorescence yield (Fv/Fm), which indicates the utili-
zation efficiency of light energy; and (iv) NPQ, which
indicates the level of dissipation of excess light energy.
We also examined diurnal change in the total amounts
of diadinoxanthin and diatoxanthin, which plays an
important role in the diadinoxanthin cycle.
2. Materials and methods
2.1. Collection of ice algae
Ice algae were collected between 2 and 4 March
2005 at a station (440701100N, 1435702100E) located
w2 km offshore from the Saroma Research Center for
Aquaculture, which is located on the eastern shore of
Saroma-ko Lagoon (Figure 1). Ice cores of ca. 40 cm
length were cut from sea ice using an ice auger
(internal diameter ca. 75 mm) after removal of the
accumulated snow layer (ca. 13 cm thickness). The
lowermost section of the sea ice (3e5 cm thick) was
brown in color, and was immediately sliced horizon-
tally using an ice saw, all within a black plastic bag to
avoid exposure to sunlight. The sliced sea ice was kept
in pre-cooled, filtered seawater prepared by filtering
seawater collected at Saroma-ko Lagoon on 2 March2005 using a GF/F filter (Whatman; Maidstone, UK).
During transportation to the laboratory in the Saroma
Research Center for Aquaculture, the ice core samples
were kept at near-freezing temperatures and in the dark
in a thermos box. Transportation took less than 20 min.
The collected ice cores were crushed in pre-cooled,
filtered seawater in the dark to release the ice algae. Ice
algae suspended in the seawater were directly used for
measurements of fluorescence or filtrated for pigment
determination. Aliquots were kept for the assessment
of species composition after the addition of 9%
glutaraldehyde. Fluorescence measurements were per-
formed 30e35 min after ice-coring; the measurements
took less than 60 min. The ice algae were kept at near-
freezing temperatures in a thermos box before
measurement. Filtration of ice algae for pigment
determination was performed 50e105 min after
sample collection, once the collected sea ice had
melted completely, taking approximately 20 min.
Ambient irradiance on the surface of sea ice at the
sampling station was measured using a LI-COR 2
quantum sensor with a LI-1400 data logger (LI-COR
Bioscience; Lincoln, Nebraska).
2.2. Assessment of the species composition of ice
algae
Ice algae were identified by microscopic observa-
tion using an Eclipse E-400 (Nikon; Tokyo, Japan)
equipped with a DP70-WPCXP CCD camera
(Olympus; Tokyo, Japan). The species composition
was determined by counting the cell numbers of each
species until the total number exceeded 1000. Bio-
volume estimates for each cell were made based on
linear dimensions using a geometric formula (Hill-
ebrand et al., 1999). The average biovolume of each
species was calculated using the values of 35 cells. The
amount of organic carbon attributable to each algal
species was estimated based on the average volume
and number of each species, using a conversion factor
(Strathmann, 1967).
2.3. Measurement of fluorescence
We used a PAM chlorophyll fluorometer, Phyto-
PAM (Heinz Walz; Effeltrich, Germany), along with
accompanying control and analysis software, Phyto-
Win, for measurements of photosynthetic fluorescence
in ice algae. The concentration of ice algae, as assessed
by Phyto-PAM, was 117e280 mg chlorophyll.L1,
sufficient to assess the photosynthesis of the algae (Ban
et al., 2006). The wavelengths of measuring light,
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Fig. 1. Location maps of the study area showing the sampling station (A) and Abashiri Meteorological Observatory (B).
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and 655 nm, respectively, and the intensity of the
measuring light was 1 mmol photons m2 s1. A satu-
rating pulse was supplied at the maximum level spec-
ified in Phyto-PAM (intensity level 10 and duration of
0.5 s). Before the start of each measurement, ice algae
were kept in the dark for more than 30 min.
Fv/Fm is defined as
Fv=Fm ¼ ½Fm Fo=Fm; ð1Þ
where Fm is the maximum fluorescence achieved by
exposing the dark-adapted ice algae to a saturating
illumination pulse, and Fo is the minimum fluorescence
determined by exposing the ice algae tomeasuring light.
The relative electron transport rate (rETR) under
a given irradiance (photosynthetically active radiation;
PAR) can be calculated by
rETR¼ PAR ð½Fm0 F=Fm0 Þ ¼ PAR ðDF=Fm0 Þ;
ð2Þwhere F and Fm
0 are the transient and maximum fluo-
rescence levels under actinic light at a given time,
respectively. rETR was determined by illuminating ice
algae at 64, 90, 120, 180, or 350 mmol photons m2 s1
for 300 s, during which time a train of saturation light
pulseswas applied at 20 s intervals.DF/Fm
0 at a stationary
levelmeasured at 285 s after the onset of actinic light was
used to calculate rETR under the respective PAR. Light
response curves were obtained by plotting rETR at
a stationary level versus PAR, and fitted to the following
equation (Eilers and Peeters, 1988; Zonneveld, 1998)
using a Lavenberg Marquardt regression algorithm
included inKaleidaGraph ver 4.0 forMacintosh (Synergy
Software; Reading, Pennsylvania, USA):
rETR¼ PAR=a PAR2 þ b PARþ c; ð3Þ
where a, b, and c are the regression coefficients used to
fit to the curve. Using these regression coefficients, the
maximum value of rETR (rETRmax) and Ek were
calculated as
61S. Aikawa et al. / Polar Science 3 (2009) 57e72rETRmax ¼
h
bþ 2ðacÞ0:5
i1
and ð4Þ
Ek ¼ rETRmax=a¼ rETRmax  c; ð5Þ
where a is the initial slope of the light response curve.
To determine the parameter NPQ using Phyto-PAM, Fm
and Fm
0 were determined by a train of saturating flashes
at 20 s intervals during actinic light illumination for
300 s and subsequent darkness for >80 s. The intensi-
ties of actinic light were 64, 120, 240, and
350 mmol photons m2 s1. The value of NPQ was
calculated according to the following equation:
NPQ¼ ½Fm Fm0 =Fm0 : ð6Þ
The steady-state value of NPQ (NPQss) was calculated
by averaging the last three values during the illumina-
tion period.
2.4. Pigment determination
Melted sea ice containing ice algae (85e120 mL)
was filtered onto a GF/F glass fiber filter (Whatman) byTime 
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Fig. 2. Diurnal change in the environmental light conditions from 2 throu
Meteorological Observatory. Bottom panel, irradiance on the surface of sesuctioning at 20e25 kPa. The filtrated ice algae on the
filters were stored at e196 C in Dry Shipper SC4/3V
(My Science; Tokyo, Japan). Photosynthetic pigments
were extracted using 90% N,N-dimethylformamide
(Furuya et al., 1998), and were analyzed by HPLC as
described in Kashino and Kudoh (2003).
3. Results
3.1. Light and weather conditions
The weather was calm and fine during the study
period of 2e4 March 2005. The solar radiation on 2
March 2005, as observed at Abashiri Meteorological
Observatory (440005600N, 1441700100E; Figure 1),
located 28 km east-southeast of the sampling station,
increased after sunrise, reached a maximum around
noon, and then decreased toward sunset (Figure 2, top
panel). The course of change and intensity of sunlight
were almost identical during each of the 3 days of our
investigation. Similarly, PAR on the surface of sea ice
at the sampling station showed a bell-shaped temporal
trend on 4 March 2005 (Figure 2, bottom panel). Theof day
:00 14:00 16:00 18:00
2 March 2005
4 March 2005
3 March 2005
2 March 2005
4 March 2005
3 March 2005
gh 4 March 2005. Top panel, solar radiation measured at Abashiri
a ice at the sampling station.
Table 1
Number of cells collected on 3 and 4 March 2005. Numbers in parentheses represent the proportion (%) of the total cells in the sample.
Species Number of Cell
3 March 2005 4 March 2005
9:00 11:00 14:00 17:00 9:00 11:00 14:00 17:00
Detonula confervacea 783 (74.5) 810 (76.8) 723 (68.1) 616 (59.8) 738 (65.1) 727 (65.9) 710 (66.6) 722 (69.8)
Melosira arctica 145 (13.8) 100 (9.48) 45 (4.24) 185 (18.0) 105 (9.26) 168 (15.2) 144 (13.5) 127 (12.3)
Thalassiosira spp. 34 (3.24) 105 (9.95) 78 (7.34) 86 (8.35) 86 (7.58) 64 (5.80) 64 (6.00) 50 (4.83)
Navicula transitans 10 (0.951) 16 (1.52) 16 (1.51) 18 (1.75) 92 (8.11) 34 (3.08) 27 (2.53) 47 (4.54)
Nitzschia frigida 31 (2.95) 6 (0.569) 156 (14.7) 32 (3.11) 32 (2.82) 15 (1.36) 12 (1.13) 12 (1.16)
Achnanthes taeniata 41 (3.90) 13 (1.23) 24 (2.26) 69 (6.70) 72 (6.35) 59 (5.34) 102 (9.57) 67 (6.47)
Odontella spp. 0 (0.00) 0 (0.00) 0 (0.00) 5 (0.485) 7 (0.617) 0 (0.00) 0 (0.00) 0 (0.00)
Fragilariopsis spp. 0 (0.00) 5 (0.474) 11 (1.04) 6 (0.583) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)
others 7 (0.666) 0 (0.00) 9 (0.847) 13 (1.26) 2 (0.176) 37 (3.35) 7 (0.657) 10 (0.966)
Total 1051 1055 1062 1030 1134 1104 1066 1035
62 S. Aikawa et al. / Polar Science 3 (2009) 57e72diurnal change in PAR is comparable to that of solar
radiation recorded at Abashiri Meteorological Obser-
vatory (Figure 2, top panel).
3.2. Species composition of ice algae
Species composition was examined by counting cell
numbers under microscopic observation (Table 1) to
exclude the possibility of species-dependent differ-
ences in photosynthetic properties. All of the observed
ice algal species belonged to the diatoms: no dinofla-
gellates were found. On 3 March 2005, the most
dominant species in all four specimens collected at
different time stamps was Detonula confervacea,
although the abundance of this species as a percentage
of the total algal cell numbers varied between 60%
(17:00; all times are expressed in local time) and 77%
(11:00). The second most dominant species in the
specimens collected at 9:00 and 17:00 was Melosira
arctica, and that in the samples collected at 11:00 and
14:00 was Thalassiosira spp. We also found small
numbers of Navicula transitans, Nitzschia frigida,
Achnanthes taeniata, Odontella spp., and Fragilar-
iopsis spp. The three main species of centric diatoms
made up more than 80% of the total observed ice algal
cells. A similar species composition was observed for
samples collected on 4 March 2005 (Table 1).
Measurements of chlorophyll fluorescence depend
on the amount of chlorophyll a present in ice algal
cells, which is influenced by the amount of organic
carbon (Miyai et al., 1988). In turn, the amount of
organic carbon depends on the cell volume (Strath-
mann, 1967), which varies significantly between
species (Hillebrand et al., 1999). Accordingly, we
estimated the amount of organic carbon in each species
(Table 2). The proportion of organic carboncontributed by Thalassiosira spp. relative to the total
organic carbon in the sample (Table 2) was slightly
higher than the proportion of the number of cells of
Thalassiosira spp. relative to the total number of cells
in the sample (Table 1), reflecting its large cell volume.
Reflecting this increase, the ratios of organic carbon
contributed by D. confervacea and M. arctica showed
slight reductions. Nonetheless, the majority (>w80%)
of the organic carbon contained in the samples
belonged to the three major species, with D. confer-
vacea being the most abundant. The origin of chloro-
phyll a fluorescence could therefore be ascribed to
these three major centric diatoms.
3.3. Light response curves
Over the past decade, the protocol for PAM analysis
has been improved to the degree that a light response
curve could be measured within just 3 min (rapid light
curve; RLC) (Ralph and Gademann, 2005; Schreiber
et al., 1997; White and Critchley, 1999). An RLC is
obtained by plotting rETR against irradiance (PAR)
(Figure 3, dashed line). rETR is determined as the
product of PAR and effective quantum yield (DF/Fm
0)
at each respective PAR. The effective quantum yield is
automatically determined by the built-in protocol
(Light Curve in Phyto-Win) at the end of each illu-
mination step of 10e30 s, usually comprising 11
consecutive steps, and the irradiance increases step-
wise as the protocol progresses. The condition that
differs between the RLC and the well-known light
response curve (generally referred to as the PeI curve,
determined by gas exchange or 14C-fixation measure-
ments) is the illumination period: the illumination
period at each step for RLC is at most 30 s, insufficient
to enable complete equilibrium.
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63S. Aikawa et al. / Polar Science 3 (2009) 57e72Figure 4 shows the kinetics of the effective
quantum yield of photosystem II (DF/Fm
0) during
illumination at 90 mmol photons m2 s1 for 300 s
followed by 200 s of darkness. The value of DF/Fm
0
was far from an equilibrium at 10 or 30 s when the
built-in protocol determines DF/Fm
0 for RLC. In some
experiments, measurements taken at a non-equilib-
rium status could be meaningful; however, we found
that the kinetics differed markedly between ice algal
samples (data not shown). Our intention was to
compare the photosynthetic properties between ice
algae collected at different times of the day; accord-
ingly, we manipulated the method used in assessing
the light response curve in order to compare the
values of photosynthetic parameters obtained for ice
algae collected at different times. Taking the kinetics
of DF/Fm
0 (see Figure 4) into account, we measured
DF/Fm
0 after 285 s illumination at 64, 90, 120, 180, or
350 mmol photons m2 s1.
The light response curve obtained using this
procedure was compared with RLC determined using
a built-in program (Light Curve in Phyto-Win), using
ice algae collected on 2 March 2005 (Figure 3). The
values of rETR calculated using our method (solid line
in Figure 3) are about twice as high as those of the
RLC (dashed line) over the selected irradiance range.
This disparity is derived from the different illumination
times used to measure DF/Fm
0, as DF/Fm0 increases
gradually and reaches a quasi-steady state after
w100 s under actinic light (Figure 4). The value of
DF/Fm
0 is relatively small at 10 s, when the built-in
program determines the value of DF/Fm
0 for RLC. Use
of the built-in algorithm does not allow for extension
of the time duration beyond 30 s; accordingly, we
manually measured the value of DF/Fm
0 using the
method described above.
3.4. Diurnal change in the maximum electron trans-
port rate, light saturation index, and maximum
quantum yield of photosystem II
Using our method developed for the light
response curve, we obtained rETRmax for ice algal
samples collected at different times of the day.
Figure 5 shows diurnal change in rETRmax for ice
algae collected on 3 and 4 March 2005. The value
of rETRmax increased from sunrise, reached
a maximum around noon, and subsequently
decreased toward sunset. This simple bell-shape
kinetics is observed on both 3 and 4 March 2005,
and the shape of the trend line is similar to the
diurnal trend of sunlight (Figure 2).
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Fig. 3. Comparison of light response curves measured using the in-built method in Phyto-PAM (dashed line) and the method applied in this study
(solid line). Ice algal samples were collected on 2 March 2005. In some data points, error bars in RLC obtained by three measurements are smaller
than symbols.
64 S. Aikawa et al. / Polar Science 3 (2009) 57e72Figure 6 shows the diurnal change in Ek. The trace
of Ek during the day is similar to that of rETRmax
(Figure 5) on both days, with a maximum obtained at
noon. Fv/Fm showed the opposite trend (i.e.,
a concave trend; Figure 7) on both days, with low
values around midday followed by an increase during
the evening to levels similar to those recorded during
the morning.
3.5. Diurnal change in non-photochemical quenching
The kinetics of NPQ were recorded using dark-
adapted (>35 min) ice algae collected at different
times of the day on 3 March 2005 (Figure 8) and 4
March 2005 under 300 s actinic illumination followedTime
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Fig. 4. Kinetics of effective quantum yield (DF/Fm
0) in ice algae collected o
time point when the actinic light was turned on and off. Saturation light pby >80 s darkness. We used actinic light intensities of
64, 120, 240, or 350 mmol photons m2 s1. The
kinetics shown in Figure 8 changed over the course of
the day. In the morning (9:00) and evening (17:00),
when the environmental irradiance was relatively low,
the kinetics of NPQ were almost identical for all
irradiances (Figure 8). At noon, the response to each
irradiance level showed a marked change: the levels of
NPQ became higher at higher irradiance levels. For
example, the level of steady-state NPQ (NPQss)
attained after 300 s illumination under
350 mmol photons m2 s1 was twice that under
120 mmol photons m2 s1.
Despite this difference observed between ice algal
samples collected at different times of the day, it (sec)
300 400 500
OFF
n 2 March 2005 under 90 mmol photons m2 s1. Arrows indicate the
ulses were applied at 20 s intervals.
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Fig. 5. Diurnal change in rETRmax in ice algae collected on 3 March 2005 (solid line) and 4 March 2005 (dashed line). Ice algae were collected at
9:00, 11:00, 14:00, and 17:00 on 3 and 4 March 2005. rETRmax was obtained from the light response curves using DF/Fm
0 during 300 s illu-
mination at each irradiance, as shown in Figure 3 (solid line).
65S. Aikawa et al. / Polar Science 3 (2009) 57e72appears that 300 s is sufficient for NPQ to reach
a steady-state, and NPQ decreased rapidly upon dark-
ness after 300 s illumination, irrespective of the
intensity of actinic light and the time when the sample
was collected (Figure 8). The rapid decrease in NPQ
upon darkness (Figure 8), as well as the reversible
decrease in Fv/Fm (Figure 7), enables us to assume that
photoinhibition made a negligible contribution to NPQ.
Therefore, we can evaluate NPQ in all of the ice algal
samples without any influence of photoinhibition.
Similar NPQ patterns were also obtained on 4 March
2005 (data not shown).
As described above, NPQ reached a steady-state after
300 s illumination (Figure 8). Figure 9 showsNPQss in iceTime o
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Fig. 6. Diurnal change in Ek in ice algae collected on 3 March 2005 (solid li
data set as that used for Figure 5.algal samples collected at different times of the day under
different irradiance levels. For samples collected on 3
March 2005, the value of NPQss changed according to the
time of day. Under the lowest irradiance tested
(64 mmol photons m2 s1), NPQss showed a slight
decrease aroundnoon.Under 120 mmol photons m2 s1,
NPQss was almost constant during the morning and
around noon, but increased during the evening. Under
240 mmol photons m2 s1, NPQss on 3 March 2005
increased around noon. Under the highest irradiance
tested (350 mmol photons m2 s1), NPQss showed an
evenmore prominent increase around noon. The trends in
NPQss on 4 March 2005 are similar to those on 3 March
2005 (Figure 9).3 March 2005
4 March 2005
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Fig. 7. Diurnal change in Fv/Fm in ice algae collected on 3 March 2005 (solid line) and 4 March 2005 (dashed line). Ice algae were collected at the
same time as those in Figure 5 and were adapted to the dark for 30e35 min.
66 S. Aikawa et al. / Polar Science 3 (2009) 57e723.6. Diurnal change in the composition of photosyn-
thetic pigment
Figure 10 shows the composition of photosynthetic
pigment in ice algae collected at different times of the
day on 3 and 4 March 2005. The proportions of
chlorophyll a, fucoxanthin, chlorophyll c1þ c2, and ß-
carotene relative to the total amount of major photo-
synthetic pigments were 50%, 30%, 15%, and 0.5%,
respectively. We observed no significant changes in the
relative amounts of these pigments over the 2 days,
except at 11:00 on 3 March 2005. In contrast, the
amount of diadinoxanthin plus diatoxanthin
(DDþDT), which controls NPQ via the xanthophyll
cycle in diatoms, increased with increasing integrated
irradiance (Figure 10, bottom panel).
4. Discussion
Because the measurement of photosynthesis using
PAM fluorometry is rapid and reliable, it is currently
applied to assess the photosynthesis of marine and
fresh water phytoplankton and ice algae in situ (e.g.,
Ban et al., 2006; Kashino et al., 2002; Kudoh et al.,
2003; Lesser and Gorbunov, 2001; McMinn et al.,
2003; Warner and Berry-Lowe, 2006). Recently,
a convenient built-in protocol was added to Phyto-Win
to enable the user to obtain a light response curve
(rapid light curve, RLC) for the assessment of the stateFig. 8. Diurnal change in non-photochemical quenching (NPQ) in ice algae
actinic light (64 (circles), 120 (triangles), 240 (squares), and 350 (diamonds)
times of day when ice algae were collected are shown on the panels.of photosynthetic acclimation (Ralph and Gademann,
2005; Schreiber et al., 1997; White and Critchley,
1999). This method is frequently applied to in situ
measurements for phytoplankton, including psychro-
philic phytoplankton (e.g., McMinn et al., 2005; Ralph
et al., 1999).
In the present study, we evaluated RLC by applying
this built-in protocol to ice algal samples (Figure 3).
We confirmed that the assessment of DF/Fm
0 during the
early part of the measurement (Figure 4) using the
built-in protocol results in a small DF/Fm
0 value,
yielding a small rETR. Furthermore, the kinetics of
DF/Fm
0 varied between ice algal samples collected at
different times of the day, especially during the early
part of the measurement upon illumination. It is
therefore inappropriate to compare photosynthetic
parameters obtained by the built-in protocol between
different ice algal samples. Accordingly, we deter-
mined a light response curve by measuring steady-state
values of DF/Fm
0 (Figure 3), which enabled us to
compare photosynthetic parameters derived from the
light response curves obtained for ice algae collected at
different times of the day.
Seroˆdio et al. (2006) reported in detail on the
photosynthetic properties obtained from RLC
compared with those obtained from steady-state light
response curves. The authors observed a linear rela-
tionship between ETRmax values calculated using the
two methods, although the slope of the regressioncollected on 3 March 2005. NPQð½Fm  F0m=F0mÞ was recorded under
mmol photons m2 s1) for 300 s followed by >80 s of darkness. The
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Fig. 9. Diurnal change in steady-state levels of NPQ (NPQss) determined on 3 March 2005 (top panel) and 4 March 2005 (bottom panel). The
intensities of actinic light were 64 (circles), 120 (triangles), 240 (squares), and 350 (diamonds) mmol photons m2 s1. The magnitude of NPQss
was calculated by averaging the last three values of NPQ during illumination by actinic light (see Figure 8).
68 S. Aikawa et al. / Polar Science 3 (2009) 57e72equations of ETRmax by RLC on ETRmax by light
response curve varied between 0.64 and 0.97 for
ambient irradiances of 261 and
1700 mmol photons m2 s1, respectively. One of their
conclusions (in addition to the general usefulness of
RLC) is that RLC may be particularly useful for
obtaining a series of light response curves on the same
samples without significantly altering their photo-
acclimation status. Therefore, it is appropriate to use
the method applied in the present study to assess the
photosynthetic properties of ice algae with different
acclimation status beneath the sea ice.
The method of PAM analysis was originally
developed using higher plants and cyanobacteria (e.g.,
Genty et al., 1989; Krause and Weis, 1991; Schreiber
et al., 1994). The method is now applied to phyto-
plankton, including chlorophyll c-containing algae;
however, there exists insufficient physiological
research on photosynthesis in such chlorophyll c-con-
taining algae to implicitly apply the PAM method tothese algae. Nevertheless, the method is rapid and
reliable, although we should remain aware of the issues
outlined above.
Using the method applied in this work for the light
response curve, we obtained rETRmax values for ice
algal samples collected at different times of the day
(Figure 5). The value of rETRmax varied (Figure 5) with
environmental irradiation (Figure 2). There exists
a clear and reproducible agreement between the trends
in rETRmax and environmental light intensity. It is
naturally expected that rETR, and accordingly the rate
of photosynthesis, would increase to some extent with
increasing irradiance, as shown in the light response
curve (Figure 3). An increase in net photosynthesis
with increasing irradiance during the day is frequently
reported for other photosynthetic organisms such as
soybean (Huang et al., 2006; Huck et al., 1983) and
coral symbionts (Lesser and Gorbunov, 2001; Levy
et al., 2004), although an afternoon depression is
observed in many cases.
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Fig. 10. Diurnal change in pigment composition in ice algae collected on 3 March 2005 (solid lines) and 4 March 2005 (dashed lines). Ice algae
were collected at the same times as those in Figure 5, and the extracted pigments were assessed by HPLC. The relative amount of pigment is
expressed as a molar ratio against all the major pigments shown in the figure (chlorophyll a (Chl a; open circles), fucoxanthin (triangles),
chlorophyll c1þ c2 (Chl c; squares), diadinoxanthinþ diatoxanthin (DDþDT; diamonds), ß-carotene (closed circles)). Top panel, all major
photosynthetic pigments. Bottom panel, enlargement showing diadinoxanthinþ diatoxanthin and ß-carotene.
69S. Aikawa et al. / Polar Science 3 (2009) 57e72In this study, we want to emphasize that rETRmax,
which corresponds to the capacity of photosynthesis, as
does rETR (data not shown), changed according to
diurnal changes in light conditions, thereby achieving
efficient photosynthesis in ice algae. It is logical to
expect that the photosynthetic system would be regu-
lated according to the light environment, which
changes diurnally. Similar diurnal changes have been
reported for reef corals inhabiting tropical oceans
(Gorbunov et al., 2001; Lesser and Gorbunov, 2001;
Levy et al., 2004; Winters et al., 2003). The precise
molecular mechanisms responsible for the observed
diurnal changes in photosynthetic capacity remain to
be determined in future research.
Another interesting feature observed in this study
is the diurnal change in Ek, which is commonly used
as a parameter to characterize the photoacclimation
status of microalgae (e.g., Behrenfeld et al., 2004,2008; Falkowski, 1984). The pattern of Ek change
(Figure 6) is in good agreement with that of rETRmax
(Figure 5), and therefore, with that of environmental
irradiance (Figure 2). Ek was larger at noon, when
the level of solar radiation was at its highest. This
finding is consistent with our previous finding that Ek
values are higher in diatoms grown under higher
irradiance (Ban et al., 2006), thereby clearly
demonstrating that ice algae beneath sea ice deli-
cately adjust its photoacclimation status according to
diurnal changes in solar radiation, even over the
course of a single day.
In the present study, the kinetics of NPQ under illu-
mination changed according to the time of day when the
ice algaewere collected.At around noon,NPQ increased
more rapidly than in themorning and evening (Figure 8).
In addition to this acceleration in NPQ increase, the
magnitude of NPQss achieved after 300 s illumination
70 S. Aikawa et al. / Polar Science 3 (2009) 57e72was elevated under high irradiance (Figure 8). Reflecting
these changes in NPQ, NPQss also changed with
changing sunlight intensity (Figure 9). NPQss under low
irradiance (64 and 120 mmol photons m2 s1) was
lower at noon than during themorning and evening. This
pattern is similar to (although more pronounced and
reproducible than) that reported by Kudoh et al. (2003)
for ice algae in Saroma-ko Lagoon, as assessed under
165 mmol photons m2 s1. At noon, the photosynthetic
system is regulated to operate at a high rate of electron
transport (Figure 5), thereby reducing the probability of
photodamage under low irradiance beneath sea ice; in
addition, the necessity of NPQ may be reduced under
such low irradiance.
In contrast, NPQss under high irradiancewas higher at
noon than during the morning and evening (Figure 9). It
is possible that the energy-dissipating system is more
actively regulated in a high-light environment. This
proposal is supported by the data presented in Figure 8,
in which the NPQ kinetics are almost identical irre-
spective of the given irradiance in the morning and
evening, and show marked changes with irradiance at
noon. It is widely accepted that NPQ is caused by the
xanthophyll cycle performed by interconversion
between diadinoxanthin and diatoxanthin when photo-
inhibition is negligible. The contribution of photo-
inhibition to NPQ can be excluded in the present
measurements (Figure 8). The amounts of these
pigments increased over the course of the day relative to
the other major photosynthetic pigments, which
remained relatively constant (Figure 10); however,
changes in the amount of diadinoxanthin plus diatox-
anthin do not appear to be solely related to changes in
NPQ and NPQss. It is possible that other effective
energy-dissipating system(s) (in addition to the
xanthophyll cycle) operate in ice algae, which inhabit
low-light environments beneath sea ice. In any case,
energy-dissipating systems are possibly regulated to
more effectively protect photosystems under high-light
intensities (at noon) than under low-light intensities (in
the morning and evening). A high capacity to dissipate
excess light energy under extremely high irradiances
(e.g., the value of 350 mmol photons m2 s1 used in this
study) compared with the irradiance experienced in the
field might assure effective protection mechanisms
when the sea ice melts in spring.
Fv/Fm is known to be an indicator of photo-
inhibition (Rintama¨ki et al., 1995) which is an irre-
versible process. In the present study, Fv/Fm values
obtained for ice algae were low around noon, but
recovered in the evening (Figure 7). The same trend
was also reported by Kudoh et al. (2003) for icealgae in the Saroma-ko Lagoon, meaning that we
have confirmed the reproducibility of this earlier
finding. The decrease in Fv/Fm observed around noon
could be attributed to the downregulation of photo-
system II, which is largely influenced by NPQ, as
described above. Similar diurnal changes have been
reported for other mesophilic photosynthetic organ-
isms such as soybean (Huang et al., 2006) and
symbiotic dinoflagellates from reef-building corals
(Hoegh-Guldberg and Jones, 1999).
The course of change observed in rETRmax
(Figure 5) is the opposite of that observed in Fv/Fm
(Figure 7), which initially appears incongruous. The
entire chain of photosynthesis is regulated by the
light-dependent modulation of RubisCO activity
(Geiger and Servaites, 1994). The value of rETRmax
is obtained from DF/Fm
0 measured at quasi-steady-
state condition (Figures 3 and 4), while Fv/Fm is
measured under a dark-adapted status, independent of
the CalvineBenson cycle. The lower rETRmax
observed in the morning and evening is possibly
related to the lower activity of RubisCO, while the
higher rETRmax observed at noon may be the result
of light acclimation to achieve higher RubisCO
activity.
An afternoon depression in photosynthesis activity
is commonly observed in phytoplankton, macroalgae,
and higher plants (Huang et al., 2006; Huck et al.,
1983; Lesser and Gorbunov, 2001; Levy et al., 2004;
Quick et al., 2006; Ralph et al., 1999). Although the
intervals between measurements (sampling times) were
somewhat long in the present work, we did not observe
any depression in rETRmax (Figure 5). In higher plants,
stomatal closure could be a factor explaining the
observed afternoon depression (Quick et al., 2006), but
this is clearly not a factor in the case of phytoplankton.
Nonetheless, an afternoon depression has been
observed in coral symbionts (Levy et al., 2004), even
for rETRmax (Ralph et al., 1999). There must exist
a factor that causes an afternoon depression in phyto-
plankton, such as photorespiration (Osmond, 1981).
Ice algae may possess more efficient mechanisms to
avoid the afternoon depression, such as high NPQ
activity, as discussed above.
5. Concluding remarks
The availability of light beneath the sea ice changes
according to the movement of the sun in low-latitude
areas such as Saroma-ko Lagoon, as is evident from
Figure 2. We observed that ice algae in Saroma-ko
Lagoon changed their photosynthetic capacity
71S. Aikawa et al. / Polar Science 3 (2009) 57e72according to diurnal change in their light environment
over two consecutive days. The energy-dissipating
performance of the algae was also adjusted diurnally.
We can reasonably assume that ice algae are able to
harmonically tune their total photosynthetic system to
conduct effective photosynthesis in a naturally
changing environment. The absence of an afternoon
depression in photosynthesis in ice algae is a remark-
able adaptation to achieve high productivity beneath
the sea ice.
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